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Skin health declines with advancing age, resulting in fragility, delayed wound healing and increased susceptibility to infections and skin cancer.[1](#bjd17268-bib-0001){ref-type="ref"}, [2](#bjd17268-bib-0002){ref-type="ref"} As the proportion of the global aged population continues to rise, it is becoming increasingly important to invest in skin health research. This importance is recognized by the World Health Organization, which has highlighted cutaneous ageing as an international clinical health challenge.[3](#bjd17268-bib-0003){ref-type="ref"}

In addition to its role as a physical barrier to the environment, the skin also contains a diverse population of innate and adaptive immune cells that contribute to healthy tissue function. In aged patients, global senescence of the immune system combined with the onset of low‐level chronic inflammation, or 'inflammageing', is thought to result in dysregulation of tissue homeostasis.[4](#bjd17268-bib-0004){ref-type="ref"}, [5](#bjd17268-bib-0005){ref-type="ref"} These changes are thought to result from chronic hyperstimulation of the adaptive and innate immune systems during the course of an individual\'s lifetime, and, together with the accumulation of molecular lesions and increased proinflammatory cytokine secretion, culminate in a global loss of immunological efficiency.[4](#bjd17268-bib-0004){ref-type="ref"} In aged skin, the capacity for immunosurveillance is diminished, which is in part attributed to decreased recruitment of CD4^+^ memory T cells[6](#bjd17268-bib-0006){ref-type="ref"} and a reduced frequency and migratory capacity of epidermal Langerhans cells.[7](#bjd17268-bib-0007){ref-type="ref"}, [8](#bjd17268-bib-0008){ref-type="ref"} However, it has also been reported in human skin that the number of CD45^+^ cells is gradually increased during ageing, and more specifically mast cells (MCs) are reported to be increased in number in the dermis.[9](#bjd17268-bib-0009){ref-type="ref"}

Mast cells are innate immune cells that contribute to first‐line skin defences, tissue repair and homeostasis.[10](#bjd17268-bib-0010){ref-type="ref"}, [11](#bjd17268-bib-0011){ref-type="ref"} They are effective surveillance cells in the skin, responding to a broad range of stimuli via a wide range of surface receptors (including the high‐affinity receptor for IgE, FcεR1). This allows them to provide innate immunity towards microorganisms and helminths, and also to participate in adaptive immune responses through antigen presentation.[12](#bjd17268-bib-0012){ref-type="ref"} Additionally, they promote local inflammation through recruitment of innate immune cells and secretion of biologically active molecules including proteases (e.g. tryptase, chymase and granzyme B), cytokines, neuropeptides, lipid mediators and monoamines (e.g. histamine and serotonin).

Given the broad‐ranging activities of MCs in maintaining skin health, we sought to explore how they may contribute to changes in the skin\'s microenvironment during intrinsic ageing.

Materials and methods {#bjd17268-sec-0007}
=====================

Participants and skin sampling {#bjd17268-sec-0008}
------------------------------

Ethical approval was granted by the University of Manchester research ethics committee (reference 14415). Volunteers provided written informed consent in accordance with the Declaration of Helsinki principles. In total, 40 white volunteers (*n* = 22 aged ≤ 30 years, *n* = 18 aged ≥ 75 years) were recruited to the Dermatopharmacology Unit at Salford Royal NHS Hospital. Volunteers were excluded if they had used a sunbed or sunbathed in the 6 weeks prior to recruitment; if they had pre‐existing skin conditions; or if they were taking significant anti‐inflammatory medication. Skin punch biopsies (6 mm) were taken from photoprotected buttock skin under local anaesthetic (lidocaine 2%; Antigen Pharmaceuticals Ltd, Dublin, Ireland) for immunostaining and RNA extraction as previously described.[8](#bjd17268-bib-0008){ref-type="ref"} Photoprotected buttock skin was sampled so as to mitigate any other skin pathology induced by the skin\'s interaction with the environment, for example chronic exposure to sunlight (photoageing).[13](#bjd17268-bib-0013){ref-type="ref"}, [14](#bjd17268-bib-0014){ref-type="ref"}

Standard peroxidase immunohistochemistry assays {#bjd17268-sec-0009}
-----------------------------------------------

On formalin‐fixed paraffin‐embedded (FFPE) skin sections, reactivity with monoclonal antibodies for CD4, CD8, MC tryptase, neutrophil elastase and CD31 (for vascular endothelium) was visualized using horseradish peroxidase‐coupled secondary antibody kits and substrates according to the manufacturer\'s instructions (Table [S1](#bjd17268-sup-0006){ref-type="supplementary-material"}; see Supporting Information). Images were acquired using either a 20×/0·80 or a 40×/0·80 Plan Apo objective using the Pannoramic 250 Flash II slide scanner (3DHISTECH Ltd, Budapest, Hungary). The number of positively stained cells in three high‐power fields per section was counted for neutrophils, CD8^+^ T cells, CD68^+^ macrophages and MCs (final magnification × 200) and in four high‐power fields for CD4^+^ T cells (final magnification × 400). Vascular endothelium was quantified by calculating the percentage area of expression in the dermis using Image J software (<https://imagej.nih.gov/ij>).

Immunofluorescence {#bjd17268-sec-0010}
------------------

On FFPE skin sections, antibody reactivity for MC tryptase, CD8, CD68, CD163, PGP 9·5, von Willebrand factor and granzyme B was probed and visualized via fluorochrome‐conjugated secondary antibodies (Table [S1](#bjd17268-sup-0006){ref-type="supplementary-material"}; see Supporting Information). To identify PGP 9·5, vasoactive intestinal peptide (VIP) and tryptase targets simultaneously, a method adapted from Hunyady *et al*.[15](#bjd17268-bib-0015){ref-type="ref"} and Toth and Mezey[16](#bjd17268-bib-0016){ref-type="ref"} was used. Briefly, skin sections were dewaxed, rehydrated and antigenic sites revealed by heating in citrate buffer for 20 min. Sections were incubated in tyramide blocking buffer (biotin--tyramide amplification kit; PerkinElmer, Waltham, MA, U.S.A.) for 30 min at room temperature followed by incubation with primary antibody for 1 h.

Following washing, sections were incubated for 30 min with horseradish peroxidase‐conjugated secondary IgG (Vector Laboratories Ltd, Peterborough, U.K.) before incubation in biotin--tyramide amplification reagent according to the manufacturer\'s instructions. The sections were heated again in citrate buffer for 5 min to elute the first layer of antibodies. Next, sections were incubated with the next primary antibody of interest for 1 h before incubation for 30 min in DyLight 649‐conjugated secondary IgG (Vector Laboratories) and Cy2‐conjugated streptavidin (GE Healthcare, Little Chalfont, U.K.). Sections were blocked with 2·5% normal horse serum (Vector Laboratories) and incubated with the final primary antibody of interest for 1 h. Finally, sections were incubated with Excel Amplification Kit with DyLight 594 (Vector Laboratories) according to the manufacturer\'s instructions. Sections were mounted using Fluoroshield mounting medium containing 4′,6‐diamidino‐2‐phenylindole (Abcam, Cambridge, U.K.) prior to image analysis.

May--Grünwald--Giemsa staining {#bjd17268-sec-0011}
------------------------------

May--Grünwald--Giemsa staining was performed to identify MCs and their degranulation status. Using this stain, MCs appear magenta, with nondegranulated MCs more intensely stained than degranulated MCs. In brief, skin sections were dewaxed, rehydrated and stained in May--Grünwald solution followed by Giemsa solution (Sigma‐Aldrich, Poole, U.K.) according to the manufacturer\'s instructions. Stained sections were examined using a DMRB microscope (Leica Microsystems, Milton Keynes, U.K.) with SPOT digital camera and associated software (RTKE/SE; Diagnostic Instruments Inc., Sterling Heights, MI, U.S.A.). Ten consecutive, nonoverlapping images of the papillary dermis were taken using a 20×/0·80 Plan Apo objective lens (*n* = 5 for each age group).

Real‐time quantitative polymerase chain reaction {#bjd17268-sec-0012}
------------------------------------------------

Skin samples were homogenized and RNA extracted as previously described.[8](#bjd17268-bib-0008){ref-type="ref"} Polymerase chain reaction was performed using Taqman gene expression primer and probe sets for *IL2*,*IFNG*,*TNF*,*TAC1* (substance P), *VIP*,*CALCA* and *CALCB* (calcitonin gene‐related peptide; CGRP), *F2RL1* (proteinase‐activated receptor 2; PAR2) and *RPL27* (internal control gene) on a Step One Plus Real Time PCR machine with Taqman Fast Universal Mastermix No AmpErase^®^ UNG (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.) for 40 cycles. Samples were assayed in triplicate and gene expression changes were calculated using the comparative CT method, where gene expression changes are then expressed as the fold change of the ∆∆CT (∆CT relative to the average young group baseline ∆CT value for each gene). Where no amplification was detected a CT value of 40 was substituted to allow the data to be included in the analyses.

Spatial association and morphometry and coefficient of association {#bjd17268-sec-0013}
------------------------------------------------------------------

To assess spatial association we performed morphometry as described by Armstrong.[17](#bjd17268-bib-0017){ref-type="ref"} In brief, a grid of 325‐μm^2^ squares was overlaid on each image using ImageJ software, which produced a grid of 130 squares per image. The number of squares containing feature A (e.g. an MC) was counted, then those containing feature B (e.g. a CD8^+^ T cell), followed by those containing both features and finally those containing neither. This process was repeated for 10 consecutive but not overlapping images for each volunteer and the results were totalled. Using these values a 2 × 2 contingency table was constructed and was used to calculate the coefficient of association.

Statistics {#bjd17268-sec-0014}
----------

Statistical analysis of data was performed in GraphPad Prism v7·0 software (GraphPad Software, La Jolla, CA, U.S.A.). Normally distributed data were analysed by unpaired, two‐tailed Student\'s *t*‐test, with the unpaired, two‐tailed Mann--Whitney *U*‐test employed if data were nonparametric. All reported *P*‐values are two‐sided, with *P* \< 0·05 deemed statistically significant.

Results {#bjd17268-sec-0015}
=======

The balance of skin‐resident leucocytes is altered with intrinsic ageing: numbers of dermal mast cells and CD8^+^ T cells are significantly increased in intrinsically aged, photoprotected skin {#bjd17268-sec-0016}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To identify potential immune hallmarks of cutaneous ageing we investigated dermal cell subsets involved in both innate and adaptive immunity (Fig. [1](#bjd17268-fig-0001){ref-type="fig"}). Few neutrophils (Fig. [1](#bjd17268-fig-0001){ref-type="fig"}a) were present in photoprotected skin; of the cell types examined, CD68^+^ macrophages were the most abundant (Fig. [1](#bjd17268-fig-0001){ref-type="fig"}b), but increasing volunteer age did not alter their number. Similarly, numbers of CD4^+^ T cells were also constant (Fig. [1](#bjd17268-fig-0001){ref-type="fig"}c). In contrast, the mean numbers of tryptase‐positive MCs (Fig. [1](#bjd17268-fig-0001){ref-type="fig"}d--f) and CD8^+^ T cells (Fig. [1](#bjd17268-fig-0001){ref-type="fig"}g--i) were significantly increased in aged skin compared with young skin, by \~40% and 90%, respectively (both *P* = 0·02; unpaired two‐tailed Student\'s *t*‐test).

![The frequency of some, but not all, innate and adaptive immune cells is altered in photoprotected, intrinsically aged human skin. Immunohistochemistry was used to identify dermal immune cell subsets that were quantified per high‐power field (HPF). The numbers of (a) neutrophils, (b) CD68^+^ macrophages and (c) CD4^+^ T cells were similar in both age groups, while (d) mast cells and (g) CD8^+^ T cells were significantly increased in frequency in intrinsically aged photoprotected skin. Representative photomicrographs of (e) young and (f) aged skin show resident mast cells (black) and (h) young and (i) aged skin stained for the presence of CD8^+^ T cells (brown; shown by arrows). Data were collected from skin biopsies of 13 young and 11 aged individuals and analysed by unpaired two‐tailed Student\'s *t*‐test; \**P* \< 0·05.](BJD-180-849-g001){#bjd17268-fig-0001}

In intrinsically aged skin increased numbers of mast cells are confined to the papillary dermis but their protease expression is unaltered {#bjd17268-sec-0017}
------------------------------------------------------------------------------------------------------------------------------------------

Next we examined the effect of ageing on cutaneous MC protease expression (tryptase and chymase; Fig. [2](#bjd17268-fig-0002){ref-type="fig"}) by quantifying MCs in the papillary and reticular dermis separately (Fig. [2](#bjd17268-fig-0002){ref-type="fig"}a, b). Dual labelling identified the most frequent MC phenotype as those cells that coexpressed tryptase and chymase (Fig. [2](#bjd17268-fig-0002){ref-type="fig"}c); increased MC numbers were observed in aged skin and these were localized to the papillary dermis (Fig. [2](#bjd17268-fig-0002){ref-type="fig"}d, e). Chymase‐dominated MCs represented around 20% of the papillary dermal population in each age group, while tryptase‐dominated MCs were the least prevalent (only 3--6% of the papillary dermal population). In a smaller cohort of individuals (*n* = 5), we also examined MC degranulation (Fig. [3](#bjd17268-fig-0003){ref-type="fig"}) using May--Grünwald--Giemsa staining and found a substantially higher incidence of degranulated MCs (e.g. cytoplasmic granules exhibiting staining alterations, fusion and/or exteriorization) in the younger age group (\~40% vs. \~20%; unpaired two‐tailed Mann--Whitney *U*‐test; *P* = 0·008).

![Increased mast cell (MC) numbers in aged skin are localized to the papillary dermis but show no change in protease phenotype. Dual immunohistochemistry for MC tryptase (red) and MC chymase (green) in (a) young and (b) aged skin. Some MCs show strong immunofluorescence for both enzymes (yellow arrows) while others are chymase (green arrows) or tryptase dominant (red arrow). (c) The proportions of MC phenotypes were the same for both age groups (mean ± SEM percentage); however, an age‐related increase in numbers was found in the papillary dermis (d) but not the reticular dermis (e). Epi, epidermis; PD, papillary dermis; RD, reticular dermis. Data from 14 young and 13 aged individuals; \*\*\*\**P* \< 0·001; NS, not statistically significant using the unpaired two‐tailed Mann--Whitney *U*‐test.](BJD-180-849-g002){#bjd17268-fig-0002}

![Degranulation of mast cells (MCs) is significantly reduced in aged human skin. May--Grünwald--Giemsa (MGG) staining was performed to assess degranulation of MCs *in vivo*. Representative photomicrographs of (a) young and (b) aged skin. Grey arrows identify degranulating MCs; black arrows identify quiescent MCs. (c) When quantified, there were significantly more MCs in the papillary dermis of the aged group but with (d) significantly less degranulation (*n* = 5 per group). \*\**P* \< 0·01 using the unpaired two‐tailed Mann--Whitney *U*‐test.](BJD-180-849-g003){#bjd17268-fig-0003}

Mast cells, and not CD8^+^ T cells, remain the key source of granzyme B in aged skin {#bjd17268-sec-0018}
------------------------------------------------------------------------------------

Activated CD8^+^ T cells are reported to express granzyme B,[18](#bjd17268-bib-0018){ref-type="ref"} a cytotoxic molecule that can mediate cleavage of the extracellular matrix (ECM).[19](#bjd17268-bib-0019){ref-type="ref"}, [20](#bjd17268-bib-0020){ref-type="ref"} However, in both young and aged skin, granzyme B reactivity did not colocalize with CD8^+^ T cells (data not shown), but did with MCs (Fig. [S1](#bjd17268-sup-0001){ref-type="supplementary-material"}; see Supporting Information). In the papillary dermis of skin from both age groups, the majority of MCs strongly expressed granzyme B (70--90%) and these double‐positive cells were more numerous in aged, as compared with young, papillary dermis (data analysed using the unpaired two‐tailed Student\'s *t*‐test, *P* \< 0·001).

*IL2* and *IFNG* gene expression was also examined as an indicator of CD8^+^ T‐cell activation (Fig. [S2](#bjd17268-sup-0002){ref-type="supplementary-material"}; see Supporting Information). No difference in *IL2* was found, while *IFNG* gene expression was increased in aged skin compared with young skin (unpaired two‐tailed Student\'s *t*‐test, *P* = 0·008).

Ageing does not affect mast cell‐CD8^+^ T‐cell interaction but is associated with increased proximity of mast cells to macrophages {#bjd17268-sec-0019}
----------------------------------------------------------------------------------------------------------------------------------

We next examined the interaction of MCs with CD8^+^ T cells and macrophages in the papillary dermis by morphometry (an example of which is displayed in Figure [4](#bjd17268-fig-0004){ref-type="fig"}). In aged skin the mean distance between MCs and CD8^+^ T cells was 11 μm, compared with 14 μm in young skin (data analysed using the unpaired two‐tailed Mann--Whitney *U*‐test, *P* \< 0·001; Fig. [S3](#bjd17268-sup-0003){ref-type="supplementary-material"}; see Supporting Information). Around 45% of MCs in aged skin were within 9 μm of a CD8^+^ T cell compared with around 31% in young skin. In order to identify whether this change in proximity was due to a dynamic interaction between the cells or whether it was a function of the increased numbers of MCs and CD8^+^ T cells in aged skin, a test for spatial association was performed; this found no significant difference between the age groups.

![Calculation of the coefficient of association. (a) Using ImageJ software a grid containing 130 squares (pink boxes) was overlaid onto an image. The numbers of squares containing feature 'A', feature 'B', both features or neither feature were counted. This was repeated for 10 images and the total numbers of squares for each condition were entered into a 2 × 2 contingency table (b). The values *m*,*n*,*r* and *s* are the sums of a + b, c + d, a + c and b + d, respectively. The coefficient of association is then calculated from these values, where 0 represents an absence of association and +1 or −1 represents complete association. Positive values represent increased association of the two features with each other, while negative values represent increased association of each feature with itself. Values obtained from young and aged individuals were compared using the unpaired two‐tailed Mann--Whitney *U*‐test.](BJD-180-849-g004){#bjd17268-fig-0004}

As MCs are reported to recruit macrophages[21](#bjd17268-bib-0021){ref-type="ref"} we employed a more specific macrophage marker (CD163) in combination with MC tryptase and found that higher macrophage numbers were present in the papillary dermis of intrinsically aged, as compared with young, skin (unpaired two‐tailed Mann--Whitney *U*‐test, *P* \< 0·001). Additionally, the mean distance between MCs and their nearest macrophage was lower in aged skin (9 μm, compared with 14 μm in young skin; unpaired two‐tailed Mann--Whitney *U*‐test, *P* \< 0·001). While around 48% of MCs were within 9 μm of a macrophage in aged skin, this decreased to around 27% in young skin. Furthermore, a statistically significant increase in spatial association of MCs and macrophages was found in the aged compared with young skin (unpaired two‐tailed Mann--Whitney *U*‐test, *P* = 0·031), suggesting a functional interaction.

The close relationship of mast cells and blood vessels is lessened in aged papillary dermis {#bjd17268-sec-0020}
-------------------------------------------------------------------------------------------

Next we examined the interaction between MCs and the papillary dermal microvasculature and found that in aged skin, the distance of MCs from vascular elements was increased (14 μm compared with about 9 μm in young skin; unpaired two‐tailed Mann--Whitney *U*‐test, *P* \< 0·001; Fig. [S4](#bjd17268-sup-0004){ref-type="supplementary-material"}; see Supporting Information). While around 45% of MCs in young skin were within 9 μm of a blood vessel this was reduced to around 34% in aged skin when the data were displayed as a frequency distribution. No difference in the number or density of vascular elements was found between the age groups, suggesting an active relocation of MCs away from the microvasculature in the aged skin.

Mast cells increase their contacts with nerve fibres in the papillary dermis of aged skin and strongly associate with vasoactive intestinal peptide‐positive nerve fibres {#bjd17268-sec-0021}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------

MCs are increased in number in the papillary dermis of aged skin, and an increase in their frequency is reported to contribute to pruritus, a common symptom described by elderly patients.[22](#bjd17268-bib-0022){ref-type="ref"} Therefore we assessed the spatial relationship of MCs to papillary dermis PGP 9·5‐ and VIP^+^ nerve fibres (Fig. [S5](#bjd17268-sup-0005){ref-type="supplementary-material"}; see Supporting Information). In aged skin (Fig. [S5](#bjd17268-sup-0005){ref-type="supplementary-material"}b), MCs were located closer to PGP 9·5‐positive nerve fibres than in young skin (Fig. [S5](#bjd17268-sup-0005){ref-type="supplementary-material"}a, 13 μm vs. 18 μm; Fig. [S5](#bjd17268-sup-0005){ref-type="supplementary-material"}c, unpaired two‐tailed Mann--Whitney *U*‐test, *P* \< 0·001) and around 29% of the MCs in aged skin were within 9 μm of such a nerve fibre compared with 16% in young skin (Fig. [S5](#bjd17268-sup-0005){ref-type="supplementary-material"}d). Spatial analysis showed a statistically significant increase in association of MCs and nerve fibres in aged skin compared with young skin (*P* \< 0·001; Fig. [S5](#bjd17268-sup-0005){ref-type="supplementary-material"}e), despite a reduction in nerve fibre abundance in the aged skin (unpaired two‐tailed Mann--Whitney *U*‐test, *P* \< 0·001; Fig. [S5](#bjd17268-sup-0005){ref-type="supplementary-material"}f).

Immunofluorescence for tryptase, PGP 9·5 and VIP identified no VIP^+^ MCs, but the frequency of VIP^+^ nerve fibres was increased in aged (62 fibres mm^−2^) compared with young papillary dermis (23 fibres mm^−2^; unpaired two‐tailed Mann--Whitney *U*‐test, *P* = 0·04; Fig. [S5](#bjd17268-sup-0005){ref-type="supplementary-material"}l). MCs in aged papillary dermis were located closer to VIP^+^ nerve fibres than those in young papillary dermis (16·5 μm vs. 25·1 μm, *P* = 0·0076; Fig. [S5](#bjd17268-sup-0005){ref-type="supplementary-material"}i). The proportion of MCs within 9 μm of a VIP^+^ nerve fibre increased from 8% in young skin to 19% in aged skin (Fig. [S5](#bjd17268-sup-0005){ref-type="supplementary-material"}j). Furthermore, the spatial association of MCs to VIP^+^ nerve fibres was increased significantly in aged compared with young skin (*P* = 0·026; Fig. [S5](#bjd17268-sup-0005){ref-type="supplementary-material"}k), indicating a functional interaction.

CGRP genes were either not detected (*CALCA*) or showed no difference (*CALCB*) in expression between the age groups, and no change in PAR2 (*F2RL1*) gene expression was found (data not shown). However, expression of *TAC*, the gene encoding substance P, was lower (*P* = 0·01) and *VIP* expression higher in aged compared with young skin (unpaired two‐tailed Mann--Whitney *U*‐test, *P* = 0·04).

Discussion {#bjd17268-sec-0022}
==========

Intrinsic ageing is associated with a decline in immune robustness and an increase in systemic inflammation. However, the impact of ageing on skin immunity is not well understood. We aimed to characterize key changes occurring in the complex system of resident immune cells in aged human skin. We found that the composition of dermal leucocytes becomes skewed with age, favouring MCs, CD8^+^ T cells and macrophages, and that these changes are confined to the papillary dermis. As MCs are local coordinators of immunity in epithelial tissues we performed detailed analysis of MC distribution and activity in ageing skin. We found that MCs were more closely associated with macrophages and VIP^+^ nerves fibres but showed a relaxed association with the papillary dermal vasculature. No effect of ageing was found on MC protease expression, but the incidence of degranulation was lower in aged skin. Therefore, increased numbers of MCs in combination with an altered distribution in aged skin could impact on activation of other dermal immune cells and papillary dermal structures, with important consequences for healthy tissue function.

MCs express a broad range of receptors, facilitating their active involvement in skin homeostasis and inflammation. The imbalance of MCs, macrophages and CD8^+^ T cells is localized to the papillary dermis of aged skin, which likely increases the chances of interaction and cross‐talk of these cells with one another. Human MCs can activate T cells,[23](#bjd17268-bib-0023){ref-type="ref"} and in this study we found that MCs and CD8^+^ T cells were very closely associated in the papillary dermis; however, no significant effect of age was found. This suggests that communication between MCs and CD8 T cells has an important role for skin health in general but may not be a key factor involved in declining immune health in aged skin.

MCs were significantly more closely associated with macrophages in aged skin, which could indicate a change in macrophage and/or MC function, and altered expression of chemoattractive substances. Macrophages have multiple important functions in maintaining skin health such as antigen presentation and phagocytosis, and are among the first line of defence following breach of the epidermal barrier. While macrophages produce proinflammatory molecules, this function is reported to be impaired with increasing age, and secretion of immunosuppressive interleukin‐10 and prostaglandin E~2~ is increased.[24](#bjd17268-bib-0024){ref-type="ref"}

Macrophages are activated by interferon (IFN)‐γ, and we observed an increase in IFN‐γ gene expression in aged skin, potentially as a result of increased CD8^+^ T‐cell numbers. However, while this could mean increased availability of IFN‐γ protein in aged skin, macrophages in aged tissues are reported to be less receptive to IFN‐γ activation.[25](#bjd17268-bib-0025){ref-type="ref"}, [26](#bjd17268-bib-0026){ref-type="ref"} Therefore, increased numbers of macrophages in aged skin may indicate not an increased inflammatory state, but instead a reaction towards reduced integrity of the epithelial barrier, or a compensatory measure in response to an overall reduced efficacy of function at the single‐cell level. Macrophages are also targets for therapeutic intervention in tissue regeneration due to their plasticity and diverse roles in inflammation, resolution and healing.[27](#bjd17268-bib-0027){ref-type="ref"} Their further characterization in aged skin is required to determine their role in intrinsic ageing.

In humans, two common MC phenotypes are recognized in epithelial tissues according to protease expression: tryptase^+^/chymase^−^ and tryptase^+^/chymase^+^,[28](#bjd17268-bib-0028){ref-type="ref"} with the different phenotypes associated with different biological functions.[29](#bjd17268-bib-0029){ref-type="ref"} In human skin, tryptase^+^/chymase^+^ MCs are the most common, but we found no age‐related differences in MC tryptase--chymase phenotypes. We also found that MCs, and not CD8^+^ T cells, were the predominant source of granzyme B in healthy skin and that the majority of MCs in both age groups expressed this protease. Granzyme B is a serine protease that cleaves extracellular proteins such a fibrinogen, laminins, fibronectin and decorin, and clotting proteins such as von Willebrand factor and fibrinogen.[30](#bjd17268-bib-0030){ref-type="ref"}

Mouse models of premature ageing have demonstrated that MC‐derived granzyme B is increased in aged skin and promotes skin atrophy due to decreased dermal collagen density and reduced levels of decorin.[19](#bjd17268-bib-0019){ref-type="ref"} In line with this action, granzyme B may promote 'inflammageing' through generation of ECM fragments, such as biglycan and decorin, which can activate macrophages via Toll‐like receptors (2 and 4) to release proinflammatory cytokines.[31](#bjd17268-bib-0031){ref-type="ref"}, [32](#bjd17268-bib-0032){ref-type="ref"}, [33](#bjd17268-bib-0033){ref-type="ref"} MCs also express Toll‐like receptors 2 and 4,[34](#bjd17268-bib-0034){ref-type="ref"} and therefore may also respond to ECM fragments by producing proinflammatory cytokines. While little evidence of inflammation was apparent in intrinsically aged skin, increased numbers of MCs and macrophages may contribute to dysregulated inflammation during bacterial or viral infection, and could contribute to impaired wound healing via aberrant cleavage of ECM proteins and clotting factors with increasing age.

Despite increased MC numbers in aged skin, a higher incidence of MC degranulation was observed in young skin, yet it was not associated with a detectable inflammatory response. Activation of different MC receptors can affect the type and time course of granule release. Stimulation via the FcεR1 receptor initiates a slow and sustained release of large granules rich in inflammatory mediators,[35](#bjd17268-bib-0035){ref-type="ref"} while activation via MRGPRX2 can result in a rapid and transient release of smaller less inflammatory granules.[35](#bjd17268-bib-0035){ref-type="ref"} Thus, the degranulation seen in young skin may be beneficial in maintenance of the dermal microenvironment, promoting turnover and remodelling of ECM by proteases, and local deactivation of potent signalling molecules such as VIP, substance P and endothelin 1 to limit inflammatory responses.[36](#bjd17268-bib-0036){ref-type="ref"} In aged skin, reduced MC degranulation could reflect altered functionality and a senescent phenotype. This is supported by lower expression of the substance P gene, *TAC1*, as substance P is a trigger for human MC degranulation.[37](#bjd17268-bib-0037){ref-type="ref"} Furthermore, as MCs become less closely associated with the vasculature in aged skin, this could imply that they are less active in recruitment of immune cells from the circulation.

We also found that MCs strongly associate with VIP^+^ nerve fibres, suggesting that this neuropeptide may influence MC distribution and function in aged skin. It has been reported that stimulation with VIP activates MCs but suppresses degranulation,[38](#bjd17268-bib-0038){ref-type="ref"}, [39](#bjd17268-bib-0039){ref-type="ref"} potentially explaining the decreased incidence of degranulation we observed in aged skin. While the overall density of nerve fibres was decreased in the papillary dermis of aged skin, VIP^+^ nerve fibres were increased and this correlated with increased VIP gene expression. In Parkinsonian rat brains VIP treatment reportedly increases expression of nerve growth factor in cerebral MCs, increasing neuronal survival.[40](#bjd17268-bib-0040){ref-type="ref"} Therefore, recruitment of MCs to VIP^+^ nerve fibres in aged skin may represent an attempt to avert the process of nerve fibre attrition, a feature of aged skin.

MCs in close proximity to nerve fibres may limit neurogenic inflammation through tryptase detoxification of neuronal CGRP.[36](#bjd17268-bib-0036){ref-type="ref"} However, tryptase can also activate PAR2,[41](#bjd17268-bib-0041){ref-type="ref"} which is implicated in itch in atopic dermatitis.[42](#bjd17268-bib-0042){ref-type="ref"} PAR2 is reported to be expressed by keratinocytes in human skin,[43](#bjd17268-bib-0043){ref-type="ref"} and while we found no age‐associated differences in the genes for CGRP and PAR2 in this study, the presence of a greater number of MCs in aged skin adjacent to the epidermis, and in close association with nerves, may make these neuropeptides more susceptible to tryptase cleavage. While this may prove beneficial with regard to inactivation of CGRP, activation of PAR2 could contribute to the pruritus that is commonly described in elderly patients.

Thus, in aged skin a shift in the balance of resident papillary dermal immune cells towards those efficient at producing inflammatory mediators could indicate the presence of a heightened inflammatory microenvironment. While this could have repercussions for the integrity of adjacent skin structures and the dermal ECM, closer investigation of the expanded MC population in aged skin revealed a phenotype that is more suggestive of a senescent, or compensatory--protective role. However, it cannot be excluded that the intensified interaction of MCs with nerve fibres in aged skin may contribute to neurogenic inflammation. These findings, in concert with the versatility of MCs in regulating tissue processes, highlight these cells as potential targets for the improvement of skin health in the ageing population.
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**Fig S1.** Mast cells strongly express granzyme B in young and aged skin.
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Click here for additional data file.
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**Fig S2.** Gene expression of interferon‐γ is significantly elevated in the skin of aged volunteers.
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**Fig S3.** The proximity of mast cells (MCs) to CD8^+^ T cells in the papillary dermis is not affected by age, but MCs become more closely associated with macrophages in aged skin.
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**Fig S4.** Mast cells are less closely associated with the dermal vasculature in aged skin.
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**Fig S5.** Mast cells become more closely associated with papillary dermal PGP 9·5^+^ and vasoactive intestinal peptide‐positive nerve fibres in aged skin.
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Click here for additional data file.
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**Table S1** Antibody details and methodology for immunohistochemical and dual immunofluorescent staining.
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Click here for additional data file.
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